Introduction {#s1}
============

T cell activation requires two signals: peptide in the context of the major histocompatibility complex (MHC) interacting with the T cell receptor (TCR), and a co-stimulatory signal ([@bib31]). The binding of CD28 to its ligands, CD80/CD86, initiates a transcriptional program that enables effective T cell proliferation and differentiation. In the absence of CD28 signaling T cells fail to respond, and become anergic ([@bib17]; [@bib41]). CD28 signaling is essential for multiple facets of CD4^+^ T cell activation ([@bib25]), including proliferation, survival ([@bib7]), glucose metabolism ([@bib20]), and migration ([@bib36]). Consequently, CD28-deficient mice have reduced expansion of effector CD4^+^ T cells and do not form T helper type 1 (Th1) and T follicular helper (Tfh) cells after infection or immunization. Tfh cells provide growth and differentiation signals to germinal center B cells, enabling them to exit the germinal center as long-lived plasma cells or memory B cells ([@bib14]). Th1 cells are formed during a Type 1 immune response and facilitate the clearance of intracellular pathogens ([@bib60]). Impaired formation of Tfh and Th1 cells results in impaired cellular and humoral immunity to foreign antigens in CD28-deficient mice ([@bib49]; [@bib23]; [@bib18]; [@bib28]; [@bib39]; [@bib55]; [@bib53]; [@bib6]). From this extensive body of literature, it is clear that CD28 signaling plays an essential role in CD4^+^ T cell priming and the formation of effector T cell subsets, but this has made it difficult to determine whether CD28 signaling also contributes to the ongoing immune response, as downstream phenotypes may be due to defective initial activation of CD28-deficient T cells. The expression of CD28 and its ligands increases progressively after priming, raising the possibility that CD28 signaling is utilized during the effector phase of the immune response.

Despite the central role of CD28 signaling in T cell biology, a role for sustained CD28 expression in CD4^+^ T cell subset differentiation and maintenance has not been described. This is likely to be because the role for CD28 after T cell priming is difficult to determine experimentally. CD28-deficient helper T cells do not become activated, and thus cannot be used to evaluate the role for CD28 after T cell priming. Moreover, CD28 has two ligands, CD80 and CD86, which it shares with the inhibitory receptor cytotoxic T-lymphocyte antigen 4 (CTLA-4). Consequently, manipulating CD80/86 cannot be used to draw conclusions on the role of CD28 alone, as CTLA-4 ligation will also be affected. The role for CD28 on activated T cells is particularly pertinent as CD28 expression is lost on a proportion of activated T cells with age, in HIV infection, and in the number of immune disorders in primates (but not rodents) ([@bib56]; [@bib1]; [@bib9]), and the functional consequence of this loss of CD28 is unknown. In addition, the CD28 pathway is an area of considerable research interest as it can be manipulated by a number of therapeutics: blocking this pathway is being used to treat autoimmune and inflammatory disease and to prevent transplant rejection ([@bib45]). In contrast, engaging this pathway can expand anti-tumor T cells and regulatory T cells ([@bib11]). Because of the considerable therapeutic potential of this pathway, understanding its biology is of direct clinical relevance.

Studies have suggested that CD28 may play a role following T cell priming, for example blocking CD28 ligands during an ongoing immune response can impair the germinal center response ([@bib24]), prolong graft survival, and suppress autoimmunity ([@bib45]). These studies support the possibility for a role for CD28 in an ongoing immune response. However, attributing these phenotypes to a role for continued CD28 expression in established immune responses is not possible because CD28 signaling is blocked on all cells, and not only on previously activated T cells. To determine whether there is a role for CD28 signaling after T cell activation, we generated a strain of *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice where CD28 expression is lost after T cell priming. We show that the numbers of both Tfh and Th1 cells are reduced in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice after influenza A virus infection, although, surprisingly, the requirement for CD28 on each cell type is distinct. Tfh differentiation requires CD28 ligation during interactions of primed T cells with B cells and fully differentiated Tfh cells require CD28 expression for their survival. By contrast, Th1 cells do not require CD28 for their maintenance, but do for their expansion following T cell activation. Furthermore, *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice are unable to clear *Citrobacter rodentium* from their gastrointestinal tract following oral infection. This demonstrates that CD28 expression is required after T cell priming for intact effector CD4^+^ T cell responses during infection.

Results {#s2}
=======

*CD28*^*flox/flox*^ *Ox40*^*cre/+*^ mice have intact early T cell activation {#s2-1}
----------------------------------------------------------------------------

To generate a strain of mice where CD28 is lost after T cell priming, we took advantage of the expression pattern of OX40 (encoded by the *Tnfrsf4* gene), a co-stimulatory molecule that is induced after T cell priming ([@bib35]; [@bib22]). A strain of mice that expresses cre-recombinase from the *Ox40* locus ([@bib29]) was crossed with *Cd28*^*flox/flox*^ mice. In these mice, we expect that cre-recombinase will be expressed after T cell priming, and CD28 signaling will be intact for initial T cell priming, then removed. To test this, we bred *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice with OT-II transgenic mice, which express a T cell receptor specific for peptide 323--339 of chicken ovalbumin (OVA). We assessed whether CD28 was lost after T cell activation and if early CD28-dependent events, proliferation and production of the mitogenic cytokine interleukin-2 (IL-2) ([@bib25]), occur in OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ cells. OT-II *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ control or OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells labeled with cell trace violet were transferred into CD45.1 C57BL/6 mice, and immunized with OVA. In the absence of immunization, all cells expressed CD28, and did not divide ([Figure 1A](#fig1){ref-type="fig"}). 48 hr following immunization both OT-II *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ control and OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells had undergone up to four cell divisions, as measured by dilution of cell trace violet, and around 30% of activated OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^cells had lost CD28 expression ([Figure 1A](#fig1){ref-type="fig"}). Both OT-II *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ control and OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells produced IL-2, consistent with activation via CD28 ([Figure 1B,D](#fig1){ref-type="fig"}). Importantly, IL-2 was produced by *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells irrespective of whether they have maintained (CD28^+^) or lost CD28 expression (CD28^−^), suggesting that CD28^−^ cells have indeed been activated through CD28 signaling prior to induction of OX40cre ([Figure 1C,D](#fig1){ref-type="fig"}). There was also equivalent induction of the Inducible T-cell COStimulator (ICOS), a molecule whose expression is dependent on CD28 signaling ([@bib38]), and the T cell activation marker CD44 on OT-II *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ and OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells ([Figure 1E,F](#fig1){ref-type="fig"}). Furthermore, both ICOS and CD44 were expressed at similar levels on CD28^+^ and CD28^−^ cells from the OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cell population ([Figure 1E,F](#fig1){ref-type="fig"}). These data demonstrate that *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells can be primed and subsequently divide, produce IL-2, and upregulate activation markers.10.7554/eLife.03180.003Figure 1.*Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice lose CD28 expression after T cell priming.1 × 10^5^ OT-II T cells were labeled with cell trace violet (CTV) and transferred into CD45.1 C57BL/6 hosts and immunized with OVA. The dilution of CTV, CD28 expression (**A**) and IL-2 production (**B**) was assessed in OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells and controls, 48 hr following immunization. The production of IL-2 was also assessed in CD28+ (top panel) and CD28- (lower panel) OT-II cells from OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^mice (**C**). The expression of IL-2 (**D**) ICOS (**E**) and CD44 (**F**) was quantified for the same experimental system. Flow cytometric dot plots of CD28 and CD44 expression on CD4^+^ splenocytes from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice (**G**), and OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and controls (**H**). Basal serum immunoglobulins (**I**) from unmanipulated *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls. (**J**) Representative confocal immunofluorescence of IgD (purple) and Bcl-6 (yellow) staining in spleen sections taken 7 days after sheep red blood cell immunization of *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ and *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. In **D**--**F** heights of the bars represent the median values. In **I**, **J**, heights of the bars represent the mean values and error bars represent SEM. For experiments **A**--**F**, data are representative of six independent experiments with 5--6 mice per group. Experiments (**H** and **I**) are representative of three independent experiments with five mice per group. Experiment (**J**) is representative of three independent experiments with four mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.003](10.7554/eLife.03180.003)

We then assessed the T cell phenotype of non-TCR transgenic *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. OX40cre expression is largely restricted to the CD4^+^ T cell compartment ([@bib29]) and around half of the activated (CD44^high^) cells expressed Cre and had lost CD28 expression ([Figure 1G](#fig1){ref-type="fig"}). Furthermore, 15--20% of naïve (CD44^low^) cells have expressed OX40cre and had lost CD28 ([Figure 1G](#fig1){ref-type="fig"}). It has previously been demonstrated that 'naïve' cells that had switched on OX40cre have received stronger TCR signals in the thymus, and have a partially activated phenotype that is distinct from OX40cre-negative CD44^low^ cells ([@bib29]). Consistent with this report, in splenocytes from OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice, where ∼70% of CD4^+^ T cells recognize peptide 323--339 of OVA (a foreign antigen that is not expressed in the thymus), CD28 expression is maintained on CD44^low^ cells ([Figure 1H](#fig1){ref-type="fig"}). CD28-deficient mice have impaired basal serum titers of IgG1 and IgG2a and germinal center formation after immunization ([@bib49]; [@bib18]), by contrast *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice had comparable basal serum immunoglobulin ([Figure 1I](#fig1){ref-type="fig"}) to heterozygous control animals, and formed germinal centers 7 days after sheep red blood cell immunization ([Figure 1J](#fig1){ref-type="fig"}). These data demonstrate that *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ have intact T cell priming, distinguishing them from CD28-deficient mice, and are a novel tool to assess the role for CD28 signaling after T cell activation.

*Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice had fewer Tfh and Th1 cells after influenza infection {#s2-2}
----------------------------------------------------------------------------------------------

To assess the implications of loss of CD28 after T cell activation, we infected *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ and heterozygous control mice intranasally (I.N.) with influenza A virus (HKx31), which causes an acute localized infection in the respiratory tract that generates robust anti-viral T and B cell responses in the draining mediastinal lymph node (medLN) and the lungs. In the early phase of the infection, 5 days post infection, ∼50% of activated CD4^+^ T cells had lost CD28 expression ([Figure 2A](#fig2){ref-type="fig"}), IL-2 production was intact ([Figure 2B](#fig2){ref-type="fig"}), and there were comparable proportions of proliferating cells in the medLN ([Figure 2C](#fig2){ref-type="fig"}) of *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice compared to controls, and between CD28^+^ and CD28^−^ cells. At this time point, there were comparable numbers of CXCR5^+^Bcl-6^+^CD4^+^ Tfh-precursors ([Figure 2D](#fig2){ref-type="fig"}) and IFNγ^+^CD44^high^CD4^+^ Th1 cells ([Figure 2E](#fig2){ref-type="fig"}) in the draining lymph node of *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls, demonstrating that T cell priming was intact. However, 12 days post infection, *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice had reduced numbers of CXCR5^+^Bcl-6^+^CD4^+^ Tfh cells ([Figure 2D](#fig2){ref-type="fig"}) and IFNγ^+^CD44^high^CD4^+^ Th1 cells ([Figure 2E](#fig2){ref-type="fig"}) in the medLN and Th1 cells in the lungs ([Figure 2F](#fig2){ref-type="fig"}) compared to control mice. Corresponding to a deficit in Tfh cells, there were fewer Bcl-6^+^Ki-67^+^B220^+^ germinal center B cells ([Figure 2G](#fig2){ref-type="fig"}) in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. Expression of CD28 on Tfh in the medLN and Th1 cells in the lung was determined 12 days following influenza infection: 30--40% of Tfh cells ([Figure 2H](#fig2){ref-type="fig"}) and 55--65% of lung Th1 cells ([Figure 2I](#fig2){ref-type="fig"}) had lost CD28 expression in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice.10.7554/eLife.03180.004Figure 2.The cellular immune response to Influenza A infection is impaired in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ *mice*.*Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls were infected I.N. with 10^4^ plaque-forming units of influenza A virus. Graphs showing proportion of activated CD4 T cells that have lost CD28 (**A**) are producing IL-2 (**B**) and are Ki-67^+^ (**C**) in the medLN 5 days post infection. Representative flow cytometric contour plots from day 12 post infection and graphs show the number of medLN Bcl-6^+^CXCR5^+^CD4^+^Foxp3^−^ Tfh cells (**D**), IFNγ^+^CD44^high^CD4^+^ Th1 cells in the medLN (**E**) and lung (**F**) and medLN Bcl-6^+^Ki67^+^B220^+^ germinal center B cells (**G**) at day 5 and day 12 following infection in Cd28^+/flox^ Ox40^cre/+^ and Cd28^flox/flox^ Ox40^cre/+^ mice. Histograms of CD28 expression on medLN Bcl-6^+^CXCR5^+^CD4^+^Foxp3^−^ Tfh cells (**H**) and lung IFNγ^+^CD44^high^CD4^+^ Th1 cells (**I**) 12 days after influenza infection. Heights of the lines on graphs represent the median values. Data are representative of three independent experiments with 5--8 mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.004](10.7554/eLife.03180.004)10.7554/eLife.03180.005Figure 2---figure supplement 1.*Tfh* and *Th1* cells from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ origin are outcompeted in mixed bone marrow chimeras.Irradiated *Rag2*^*−/−*^ mice were reconstituted with a 1:1 ratio of CD45.1 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^: CD45.2 *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ bone marrow, and control chimeras with CD45.1 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^: CD45.2 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ bone marrow. 8 weeks after reconstitution these chimeras were infected I.N. with influenza A virus and the proportion of medLN Bcl-6^+^CXCR5^+^CD4^+^Foxp3^−^ Tfh cells (**A**) and medLN (**B**) and lung (**C**) IFNγ^+^CD44^high^CD4^+^ Th1 cells 12 days post infection. CD45.1 and CD45.2 cells from the same mouse are connected. Data are representative of two independent experiments with 5--7 mice per group. Ns = not significant, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.005](10.7554/eLife.03180.005)

To determine if this phenotype was cell intrinsic, we generated mixed chimeras with a 1:1 ratio of CD45.1 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^: CD45.2 *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ bone marrow, and control chimeras with CD45.1 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^: CD45.2 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ bone marrow. 8 weeks after reconstitution, these chimeras were infected I.N. with influenza A virus. In control chimeras, 12 days post infection, CD45.1 and CD45.2 cells contributed equally to the Tfh cell pool and Th1 cell population in the draining lymph node and lung as expected ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). In contrast, in the CD45.1 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^: CD45.2 *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ chimeras the CD45.2^+^ cells barely contributed to the Tfh or Th1 cell populations ([Figure 2---figure supplement 1](#fig2s1){ref-type="fig"}). This demonstrated that T cells derived from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ stem cells are outcompeted during the response to influenza A virus. Taken together, these data suggest that continued, cell-intrinsic CD28 signaling in CD4^+^ T cells is required for the development of a full population of Tfh and Th1 cells in response to influenza A virus infection.

Continued CD28 expression is required to establish the Tfh population {#s2-3}
---------------------------------------------------------------------

The observation that fewer Tfh cells form after influenza infection in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice suggests that their formation and/or maintenance is impaired in the absence of CD28. Tfh differentiation is a stepwise process that requires multiple receptor--ligand interactions ([@bib33]). T cells must first be primed by dendritic cells, a process that requires both peptide-MHC:TCR interactions and CD28 ligation, which facilitates Bcl-6 expression. For full Tfh differentiation, primed T cells then need a second round of antigen presentation from B cells to stabilize Bcl-6 expression and generate Tfh cells that are capable of migrating into B cell follicles and supporting the germinal center response ([@bib16]; [@bib3]; [@bib12]).

To confirm that CD28 is required for Tfh development after initial T cell priming, we used an adoptive transfer system that has been previously used to characterize Tfh differentiation ([@bib3]). OT-II *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ control or OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells were transferred into CD45.1 C57BL/6 mice and immunized with OVA. 3.5 days after immunization ∼50% of the transferred OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells had lost CD28 expression ([Figure 3A](#fig3){ref-type="fig"}) and had undergone numerous cell divisions ([Figure 3B](#fig3){ref-type="fig"}). OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells formed fewer CXCR5^+^Bcl-6^+^ Tfh-precursors than heterozygous control OT-II T cells ([Figure 3C,E](#fig3){ref-type="fig"}). Furthermore, 90% of the CD4^+^ T cells that had a CXCR5^+^Bcl-6^+^ pre-Tfh phenotype were CD28^+^ ([Figure 3D,E](#fig3){ref-type="fig"}), demonstrating that T cells that have lost CD28 are less able to differentiate into Tfh cells. Both apoptosis and cell division were similar between CD28^+^ and CD28^−^ cells ([Figure 3F,G](#fig3){ref-type="fig"}). However, ICOS expression was reduced on pre-Tfh cells that had lost CD28 ([Figure 3H](#fig3){ref-type="fig"}). These data demonstrate that CD28 expression is required after T cell activation to establish the Tfh population.10.7554/eLife.03180.006Figure 3.Tfh formation required CD28 signaling after T cell activation.1 × 10^5^ OT-II T cells were and transferred into CD45.1 C57BL/6 hosts and immunized with OVA I.P. CD28 expression (**A**) on splenic CD4^+^Va2^+^CD45.2^+^ cells 3.5 days after immunization, gray filled histograms show isotype controls. Dilution of CTV (**B**) in CD28+ cells (open histograms) and CD28- cells (gray histogram). Bcl-6^+^CXCR5^+^CD4^+^Foxp3^−^ pre-Tfh cells in transferred OT-II *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ and OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ cells (**C**) and in CD28+ and CD28- cells (**D**) from OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ cells. Proportion of Bcl-6^+^CXCR5^+^CD4^+^Foxp3^-^ pre-Tfh cells (**E**), percentage of Pan-Active Caspase^+^ pre-Tfh (**F**), expression of Ki-67 in pre-Tfh (**G**) and ICOS on pre-Tfh (**H**) from transferred OT-II *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ and OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ cells (left graphs) and in CD28+ and CD28- cells from OT-II *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ cells (right graphs). Paired samples are connected with a line. (**I**) Pre-Tfh 4 days after transfer of 1 × 10^5^ OT-II T cells into CD45.2 C57BL/6 hosts immunized with OVA I.P. followed by CD80/86 blocking antibodies I.V. 64 hr following immunization. Heights of the bars represent the median values. **A**--**H**, data are representative of four experiments with 5--7 mice per group. **I** is representative of three experiments with six mice per group. Ns = not significant, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.006](10.7554/eLife.03180.006)

An independent experimental system was used to confirm that Tfh differentiation requires CD28 signaling after T cell priming: control CD45.1 OT-II T cells were transferred into CD45.2 hosts and immunized with OVA. 48 hr after immunization antibodies that block the CD28 ligands, CD80 and CD86 were administered, and pre-Tfh formation was assessed 1.5 days later (3.5 days after initial immunization). This impaired the formation of CXCR5^+^Bcl-6^+^CD4^+^ Tfh-precursors ([Figure 3I](#fig3){ref-type="fig"}), supporting data from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice showing that CD28 signaling is required after T cell priming for Tfh differentiation, at a time point where B cells are the major antigen presenting cells for Tfh differentiation.

CD28 is required for the maintenance of Tfh cells {#s2-4}
-------------------------------------------------

The germinal center is rich in CD28 ligands, suggesting that there may be a conserved CD28:CD28L interaction within this microenvironment. We observed that the percentage of Tfh cells that had lost CD28 expression decreased over time during the response to influenza ([Figure 4A,B](#fig4){ref-type="fig"}), suggesting that Tfh maintenance is impaired by the loss of CD28. Consistent with this, there was an increase in the number of apoptotic Tfh cells 14 days after influenza infection in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice compared with heterozygous controls ([Figure 4C](#fig4){ref-type="fig"}), and this was most pronounced in the cells that had lost CD28 expression ([Figure 4C](#fig4){ref-type="fig"}). There was also an increase in proliferation of Tfh cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice ([Figure 4D](#fig4){ref-type="fig"}), although this was equivalent in CD28^+^ and CD28^−^ Tfh cells, suggesting a broader, perhaps compensatory increase in proliferation, rather than the one that can be specifically attributed to the loss of CD28. There was also a decrease in expression of two molecules downstream of CD28; the pro-survival molecule Bcl-~XL~ ([Figure 4E](#fig4){ref-type="fig"}) and the costimulatory molecule ICOS ([Figure 4F](#fig4){ref-type="fig"}) in Tfh cells that had lost CD28. Expression of the activation marker CD44, on the other hand, was equivalent between these cell types ([Figure 4G](#fig4){ref-type="fig"}) suggesting that activation is intact. We hypothesized that reduced expression of Bcl-~XL~ or ICOS might contribute to the reduced population of Tfh cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. However, halving the amount of Bcl-~XL~ ([Figure 4---figure supplement 1A--E](#fig4s1){ref-type="fig"}) or ICOS ([Figure 4---figure supplement 1F--H](#fig4s1){ref-type="fig"}) alone was not sufficient to cause increased Tfh cell death and reduced Tfh number during influenza A virus infection. Together, these data demonstrate that CD28 is required for the survival of the Tfh population and suggest that the loss of continued CD28 signaling affects the expression of multiple molecules in Tfh cells.10.7554/eLife.03180.007Figure 4.Maintained CD28 expression is required for the maintenance of Tfh cells during influenza infection.Cd28^flox/flox^ Ox40^cre/+^ mice and heterozygous controls were infected I.N. with 10^4^ plaque-forming units of influenza A virus. The percentage of Bcl-6^+^CXCR5^+^CD4^+^Foxp3^-^ Tfh cells that lose CD28 expression was quantified at days 5, 9, 12, and 14 post infection in the medLN (**A** and **B**). The proportion of Pan Active caspase^+^ Tfh cells (**C**), Ki-67^+^ Tfh cells (**D**), the expression of Bcl-~XL~ (**E**), ICOS (**F**) and CD44 (**G**) (%CD44^+^ mean 92.7% for *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ and 89.1% for *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^*)* on Tfh cells were enumerated at d14 post infection, comparing between *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls (left graphs) and also between CD28+ and CD28- Tfh cells (right graphs) from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. Paired samples from the same mouse are connected with a line and heights of the bars in bar graphs represent the median value. Data are representative of four independent experiments with 5--7 mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.007](10.7554/eLife.03180.007)10.7554/eLife.03180.008Figure 4---figure supplement 1.Reduced Bcl-~XL~ or ICOS expression does not impair the Tfh or Th1 population during influenza infection.(**A**) TCRα/δ-deficient mice were irradiated and reconstituted with 2 × 10^6^ bone marrow cells of the following combinations: *Bcl2l1*^*+/flox*^*:creERT2*^*−*^, *Bcl2l1*^*+/+*^*:creERT2*^*+*^, and *Bcl2l1*^*flox/flox*^*:creERT2*^*+*^. 8 weeks following reconstitution, the mice were infected with influenza A virus I.N., and 6 days following infection, the mice were treated with 4-hydroxytamoxifen to induce cre expression. The expression of Bcl-~XL~ within medLN Bcl-6^+^CXCR5^+^CD4^+^Foxp3^−^ Tfh cells (**B**) and their proportions (**C**) and Bcl-~XL~ expression in lung IFNγ^+^CD44^high^CD4^+^ Th1 cells (**D**) and their proportions (**E**) were measured by flow cytometry. Heights of the bars represent the median values. Data are representative of three independent experiments with 5--6 mice per group. *Icos*^*+/−*^ mice and wild-type control mice were infected I.N. with influenza A virus and the expression of ICOS on medLN Bcl-6^+^CXCR5^+^CD4^+^Foxp3^−^ Tfh cells (**F**), the proportion of medLN Tfh cells (**G**) and germinal center Bcl-6^+^Ki67^+^B220^+^ (**H**) B cells were determined. The expression of ICOS on lung IFNγ^+^CD44^high^CD4^+^ Th1 cells (**I**) proportion of these cells (**J**) was measured by flow cytometry. Heights of the bars represent the median values. Data are representative of two independent experiments with 6--8 mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.008](10.7554/eLife.03180.008)

To confirm these findings in an independent experimental system, C57BL/6 mice were infected with influenza and treated with CD80/86 blocking antibodies on days 11 and 13 after infection ([Figure 5A](#fig5){ref-type="fig"}). 15 days post infection the percentage of Bcl-6^+^Ki67^+^B220^+^ germinal center B cells was not altered between mice that received isotype control or CD80/86 blocking antibodies ([Figure 5B](#fig5){ref-type="fig"}), but the proportion of Tfh cells was reduced after anti-CD80/86 treatment ([Figure 5C](#fig5){ref-type="fig"}). There was an increase in Tfh cell apoptosis and decreased Bcl-~XL~ and ICOS expression ([Figure 5D--F](#fig5){ref-type="fig"}), consistent with the results from our *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice, however, in contrast with these results there was a decrease in Tfh cell proliferation ([Figure 5G](#fig5){ref-type="fig"}), suggesting that blocking CD28 and/or CTLA-4 on all T cells also impacts the on the proliferation of Tfh cell pool. Together, these data demonstrate that CD28 is required for maintenance of the Tfh population.10.7554/eLife.03180.009Figure 5.Blocking CD28 ligands reduced Tfh cells in an established infection.(**A**) C57BL/6 mice were infected I.N. with influenza A virus and administered CD80/86 blocking antibodies I.P. at days 11 and 13 post infection. The populations of medLN germinal center Bcl-6^+^Ki67^+^B220^+^ B cells (**B**) and medLN Bcl-6^+^CXCR5^+^CD4^+^Foxp3^-^ Tfh cells (**C**) were measured by flow cytometry. The percentage of apoptotic pan active caspase^+^ Tfh cells (**D**), expression of ICOS (**E**) and Bcl-~XL~ (**F**), and proportion of proliferating Ki67^+^ Tfh cells (**G**) on Tfh cells was assessed by flow cytometry. Heights of the bars represent the median values. Data are representative of three independent experiments with 6--7 mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.009](10.7554/eLife.03180.009)

Th1 differentiation requires continued CD28 signaling {#s2-5}
-----------------------------------------------------

Loss of CD28 after T cell activation impairs the Th1 response over the course of an infection because at day 12, but not at day 5, post infection there are fewer Th1 cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice compared with controls ([Figure 2E,F](#fig2){ref-type="fig"}). The proportion of CD28-negative Th1 cells in the lung remained constant between 5 and 14 days post influenza infection ([Figure 6A,B](#fig6){ref-type="fig"}), suggesting that, unlike Tfh, continued CD28 expression is dispensable for Th1 maintenance. Consistent with this, blocking CD80/86 at d11 and 13 post infection did not affect the proportion of Th1 cells in the medLN or lung ([Figure 6---figure supplement 1A,B](#fig6s1){ref-type="fig"}) 15 days post infection.10.7554/eLife.03180.010Figure 6.Th1 expansion requires maintained CD28 signaling.*Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls were infected I.N. with 10^4^ plaque-forming units of influenza A virus. The percentage of IFNγ^+^CD44^high^CD4^+^ Th1 cells that lose CD28 expression was quantified at days 5, 9, 12, and 14 post infection in the lung (**A** and **B**). The proportion of IFNγ^+^CD44^high^CD4^+^ Th1 cells (**C**, **D**), apoptotic Pan Active Caspase^+^CD44^high^CD4^+^ cells (**E**), proliferating Ki-67^+^CD44^high^CD4^+^ cells (**F**), IL-2^+^CD44^high^CD4^+^ cells (**G**), expression of CXCR3 on CD44^high^CD4^+^ cells (**H**), the proportion of CXCR3^+^CD62L^low^CD4^+^ (**I**) cells were assessed in the medLN 7 days post infection. The percentage of lung IFNγ^+^CD44^high^CD4^+^ Th1 cells (**J**) was also assessed at the same time point. In **D**, paired samples from the same mouse are connected with a line and heights of the bars in bar graphs represent the median value. Data are representative of three independent experiments with 5--10 mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.010](10.7554/eLife.03180.010)10.7554/eLife.03180.011Figure 6---figure supplement 1.Maintenance of lung Th1 cells is independent of CD28 expression.(**A** and **B**) C57BL/6 mice were infected I.N. with influenza and administered CD80/86 blocking antibodies I.P. at days 11 and 13 post infection. The proportion of CD4^+^ cells that formed IFNγ^+^CD44^high^CD4^+^ Th1 cells in the medLN (**A**) and lung (**B**) were ascertained by flow cytometry. The proportion of Ki-67^+^ Th1 cells (**C**) were enumerated at d14 post infection, comparing *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls (left graphs) and also between CD28+ and CD28- Tfh cells (right graphs) from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. In **C**, paired samples from the same mouse are connected with a line and heights of the bars in bar graphs represent the median value. Data are representative of three independent experiments with 5--10 mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.011](10.7554/eLife.03180.011)

After infection there is expansion of influenza-specific T cells in the medLN, peaking at 6 days post infection, accompanied by substantial migration of antigen-specific effector CD4^+^ T cells into the lung ([@bib42]). As continued CD28 was dispensable for Th1 maintenance, we investigated whether CD28 signaling was important for Th1 expansion beyond day 5 post infection. A smaller proportion of IFNγ^+^CD44^high^CD4^+^ medLN Th1 cells was detected in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice ([Figure 6C](#fig6){ref-type="fig"}) at 7 days post infection, just after the reported peak of CD4^+^ T cell expansion ([@bib42]). This reduction could not be accounted for solely by the failure of CD28-negative cells to differentiate into Th1 cells ([Figure 6D](#fig6){ref-type="fig"}), suggesting that the defect may not be due to cell-intrinsic CD28 signaling, but may be due to changes in factors that also affect surrounding cells, such as cytokines or chemokines. *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ CD44^high^CD4^+^ cells showed normal apoptosis ([Figure 6E](#fig6){ref-type="fig"}), but a decrease in proliferation ([Figure 6F](#fig6){ref-type="fig"}) 7 days following infection. This defect in proliferation was not observed in Th1 cells 14 days post infection, suggesting that it is limited to the expansion phase of the Th1 response ([Figure 6---figure supplement 1C](#fig6s1){ref-type="fig"}).

As IL-2 is one of the key mitogenic cytokines involved in T cell expansion during influenza infection ([@bib46]), reduced IL-2 production may be responsible for the reduced proliferation of activated T cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. Consistent with this, the proportion of IL-2 secreting cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice was decreased ([Figure 6G](#fig6){ref-type="fig"}), and likely contributes to reduced expansion of effector T cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. Upregulation of CXCR3, a tissue homing receptor expressed on Th1 cells ([@bib4]) was also impaired ([Figure 6H](#fig6){ref-type="fig"}) in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice, and the proportion of CXCR3^+^CD62L^low^CD4^+^ cells was reduced ([Figure 6I](#fig6){ref-type="fig"}), suggesting that fewer activated Th1 cells have the capability to migrate to the lung. Indeed, 7 days following infection there were fewer Th1 cells in the lung in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice ([Figure 6J](#fig6){ref-type="fig"}). These data suggest that the loss of CD28 on activated T cells results in decreased IL-2 production and impaired acquisition of a migratory phenotype by activated CD4^+^ T cells, resulting in fewer Th1 cells in the medLN and lung.

Impaired CD4^+^ effector T cell responses do not affect resolution of influenza infection {#s2-6}
-----------------------------------------------------------------------------------------

Primary intranasal infection with HKx31 results in high viral titres in the lung in the first 5 days of infection; at 7 days post infection, the virus has begun to be cleared and there is no detectable virus present at 11 days post infection ([@bib19]). *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice had comparable levels of Influenza M1 viral RNA in their lungs compared with heterozygous control mice at 7 days post infection ([Figure 7A](#fig7){ref-type="fig"}), suggesting that the loss of CD28 on effector CD4^+^ T cells does not impair viral clearance. This is likely because CD4^+^ T cells are not essential for clearance of primary HKx31 infection ([@bib52]; [@bib5]). Furthermore, we observed that influenza-specific CD8^+^ T cells were present in comparable numbers in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ and control mice ([Figure 7B--D](#fig7){ref-type="fig"}) and may mediate viral clearance during primary infection.10.7554/eLife.03180.012Figure 7.Impaired CD4^+^ effector T cell responses do not affect resolution of influenza infection.(**A**) RNA encoding the influenza A virus M1 protein was determined in the lung 7 days post infection by qRT-PCR. Each dot represents the mean expression of three technical replicates per mouse. (**B**) Representative flow cytometric dot plots of CD8 cells binding the influenza epitope PA224-233 as identified by D^b^ PA-APC dextramer 12 days after influenza A infection. Total CD8^+^ cells (**C**) and D^b^ PA dextramer binding CD8^+^ cells (**D**) are enumerated in bar graphs. Each symbol represents one mouse and heights of the bars show the median values. Data are representative of two independent experiments with 5--6 mice per group. ns = not significant.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.012](10.7554/eLife.03180.012)

Functional differentiation of Foxp3^+^ Tregs requires CD28 signaling {#s2-7}
--------------------------------------------------------------------

Conditional ablation of CD28 in Foxp3^+^ regulatory T cells has demonstrated that there is an intrinsic role for CD28 in Treg function ([@bib59]). As OX40, and therefore Cre in our system, is expressed in Foxp3^+^ regulatory T cells (Tregs) in the thymus ([@bib29]), we assessed the proportion and phenotype of Tregs in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. Splenic Tregs from uninfected *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice had lost CD28 expression ([Figure 8A](#fig8){ref-type="fig"}), and there was a small reduction in the proportion of Foxp3^+^CD4^+^ cells ([Figure 8B](#fig8){ref-type="fig"}). Consistent with the previous report ([@bib59]), a smaller proportion of *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ Tregs were proliferating ([Figure 8C](#fig8){ref-type="fig"}), and they had lower expression of the CD28-inducible inhibitory receptors PD-1 and CTLA-4 ([Figure 8D,E](#fig8){ref-type="fig"}). In mixed chimeras, Treg cells derived from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ bone marrow were outcompeted by control Tregs, suggesting the loss of CD28 affects Treg fitness ([Figure 8F](#fig8){ref-type="fig"}). As our previous data had shown that maintained CD28 signaling was required for both Th1 and Tfh cells, we asked whether CD28 was also required for their regulatory counterparts: T-bet^+^CXCR3^+^Foxp3^+^CD4^+^ Th1-type Tregs cells that form during type 1 inflammation ([@bib30]) and Bcl-6^+^CXCR5^+^Foxp3^+^CD4^+^ T follicular regulatory cells that participate in the germinal center response ([@bib13]; [@bib34]; [@bib58]). 12 days after influenza infection, the proportion of Th1-type Tregs cells was reduced in the medLN ([Figure 8G,H](#fig8){ref-type="fig"}) and lung ([Figure 8I](#fig8){ref-type="fig"}), likewise the proportion of T follicular regulatory cells in the medLN was reduced in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice ([Figure 8J,K](#fig8){ref-type="fig"}), consistent with the lack of T follicular regulatory cells in CD28-deficient mice ([@bib34]; [@bib43]). Together, our data suggest that CD28 signals are important for the functional differentiation of Foxp3^+^ regulatory cells.10.7554/eLife.03180.013Figure 8.CD28 is required for Treg differentiation.Histograms of CD28 expression on Foxp3^+^CD4^+^ splenocytes (**A**) from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls. Proportion of Foxp3^+^ Tregs within the CD4^+^ splenic T cell population (**B**). Percentage of proliferating Ki-67^+^ Tregs (**C**) and expression of PD-1 (**D**) and CTLA-4 (**E**) on splenic Tregs. (**F**) Regulatory T cells from mixed bone marrow chimeras of specified genotypes 12 days post influenza A virus infection. (**G**--**K**) *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls were infected I.N. with 10^4^ plaque-forming units of influenza A virus and 14 days following influenza infection the percentage and number of Tbet^+^CXCR3^+^Foxp3^+^CD4^+^ cells in the medLN (**G** and **H**), lung (**I**), and Bcl-6^+^CXCR5^+^Foxp3^+^CD4^+^ Tfr cells in the medLN (**J** and **K**) were assessed by flow cytometry. The heights of the bars represent median values. Data are representative of three independent experiments with 5--8 mice per group. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.013](10.7554/eLife.03180.013)

Clearance of intestinal *Citrobacter rodentium* infection is defective in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice {#s2-8}
------------------------------------------------------------------------------------------------------------------

To determine if maintained CD28 expression is important for the immune response to bacterial infection, and not only viral infection, we infected *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice with *Citrobacter rodentium*, an enteric mucosal murine pathogen that elicits a robust humoral and cellular immune response. CD4^+^ T cells play a central role in immunity to *C. rodentium*: CD4^+^ T cells deficient for CD28, IFNγ, Interleukin 17 (IL-17), or the B cell helper molecule CD40L, are unable to support clearance of *C. rodentium* from the gut ([@bib10]; [@bib26]; [@bib50]). After oral infection, heterozygous control mice had no detectable *C. rodentium* in their feces 24 days post infection, by contrast, *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice were still infected ([Figure 9A](#fig9){ref-type="fig"}). *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice had high bacterial burden in their cecum and colon 24 days post infection ([Figure 9B,C](#fig9){ref-type="fig"}), while the control mice had no detectable *C. rodentium* remaining in the gut ([Figure 9B,C](#fig9){ref-type="fig"}). However, *C. rodentium* had been cleared from the liver in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice suggesting that the infection was not entirely uncontrolled ([Figure 9D](#fig9){ref-type="fig"}). We assessed the cellular immune response in the mesenteric lymph node 12 days post *C. rodentium* infection, when the bacterial burden is equivalent between the two groups, and observed a smaller germinal center response ([Figure 9E](#fig9){ref-type="fig"}), a decreased proportion of Tfh cells ([Figure 9F](#fig9){ref-type="fig"}) and Th1 cells ([Figure 9G](#fig9){ref-type="fig"}) in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. Furthermore, the population of IL-17^+^CD44^high^CD4^+^ Th17 cells was reduced in the mesenteric lymph node of *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice 7 days post infection ([Figure 9H](#fig9){ref-type="fig"}). In addition to CD4^+^ helper T cells, group 3 innate lymphoid cells (ILC3) have also been implicated in the clearance of *C. rodentium* infection ([@bib51]). However, in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice, there are comparable numbers of ILC3 cells in the colon compared to control mice 7 days post infection ([Figure 9I](#fig9){ref-type="fig"}), suggesting that an impairment in ILC3 number does not contribute to the impaired clearance of *C. rodentium* in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. These data demonstrate that maintained CD28 expression on CD4^+^ T cells is required for full effector CD4^+^ T cell populations and clearance of *C. rodentium*.10.7554/eLife.03180.014Figure 9.Maintained CD28 expression is required for clearance of *C. rodentium*.*Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and heterozygous controls were infected orally with *C. rodentium* and CFU/100 ml of feces was determined at 3--4 day intervals for 24 days (**A**). Bacterial load in the colon (**B**), cecum (**C**), and liver (**D**) was enumerated 7, 12 and 24 days post infection. 12 days post infection, the percentage of Bcl-6^+^Ki-67^+^B220^+^ germinal center B cells (**E**), Bcl-6^+^CXCR5^+^CD4^+^Foxp3^−^ Tfh cells (**F**) and IFNγ^+^CD44^high^CD4^+^ Th1 cells (**G**) was assessed in the mesenteric lymph node. The percentage of IL-17A^+^CD44^high^CD4^+^ Th17 cells was assessed in the mesenteric lymph node (**H**), and the number of Rorγt^+^CD45^+^Lin^−^ ILC3 cells was assessed in the colon (**I**) 7 days post infection. The heights of the bars represent median values. In **A**, the error bars show the range. In **B**--**D**, the error bars show SEM. Ns = not significant, \*p \< 0.05, \*\*p \< 0.005, \*\*\*p \< 0.005.**DOI:** [http://dx.doi.org/10.7554/eLife.03180.014](10.7554/eLife.03180.014)

Discussion {#s3}
==========

CD28 is essential for CD4^+^ T cell priming and differentiation into effector T cell subsets, and here, we demonstrate a previously undescribed role for CD28 following T cell activation. We show that CD28 expression is required after T cell priming for the expansion of Th1 cells and for the differentiation and maintenance of Tfh cells. Maintained CD28 expression is also required for clearance of the enteropathic bacteria *C. rodentium* after oral infection. Our data demonstrate that even though maintained CD28 expression is required for both Th1 and Tfh cells, the downstream effects of CD28 are different for each of these cell types.

The impaired numbers of Th1 at day 7 but not earlier in the response is likely to be due to reduced proliferation of activated CD4^+^ T cells, which is IL-2-driven at this time in the response ([@bib46]). This observation is supported by previous in vitro experiments that show activated Th1 cells, but not Th2 cells, require CD80/86 for IL-2 production and proliferation in vitro ([@bib48]). In contrast, proliferation of Tfh-precursors is independent of IL-2 ([@bib12]), and consistent with this, we have shown that Tfh-precursors from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice have comparable proliferation rates to controls. However, Tfh-precursors from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice are reduced in number, and this is most pronounced in cells that have lost CD28. This occurs at a time in the response where B cells provide a second round of antigen presentation to Tfh-precursors, allowing for stabilization of Bcl-6 expression and full differentiation into Tfh cells ([@bib3]; [@bib12]), suggesting that CD28:CD80/86 interactions are important for Tfh differentiation during early T:B interactions. We identified that CD28 is also required for maintenance of the Tfh population in established germinal centers, by preventing apoptosis of these cells. This result was somewhat surprising in light of the work of [@bib54] who used a CTLA-4-Ig transgenic mouse to show that blocking both CTLA-4 and CD28 during an established GC increased the size of the response. This, taken together with our data and the report that CTLA-4-deficient mice form spontaneous GC ([@bib57]), suggests that CTLA-4 plays a more dominant role in suppressing the GC response than the role for CD28 in supporting the response via Tfh maintenance. Our results are consistent with those of [@bib21] who reported that mice lacking CD80 on B cells have fewer Tfh cells due to an increased frequency of apoptosis. However, because CD80 is a ligand for CD28, CTLA-4, and PD-L1, this study could not discriminate which binding partner mediated this effect ([@bib27]). Our study, together with this work from Good-Jacobson et al., suggests that interaction of CD28 with CD80 is important for maintaining the Tfh population, whereas CD86 appears to have a more dominant role in the formation of Tfh cells ([@bib44]). Furthermore, it has recently been shown that IL-21, a cytokine produced by Tfh cells, can induce CD86 upregulation on B cells ([@bib2]). This suggests that Tfh cells can stimulate B cells to express ligands required for their own formation, and that the dialogue between Tfh and B cells is reciprocal, and may form a positive feedback loop that supports the germinal center response. Our data suggest that the role for CD80/86 in Tfh biology occurs through interactions of CD28, rather than CTLA-4. Together, this indicates that the interactions between CD28 and CD80 may be important for maintaining the Tfh population, and that the dominant role of CD86 in promoting Tfh formation is likely to be driven by interactions with CD28, rather than CTLA4.

The results presented here demonstrate that continued CD28 signaling is required following T cell activation for an effective primary CD4^+^ T cell response to infection. In addition, there is evidence that CD28 is required for the initiation of CD4^+^ T cell memory responses. Recent work from [@bib40] used an inducible deletion system to remove CD28 prior to secondary infection with *Nippostronglus brasiliensis,* a nematode that induces a Th2-skewed response. The authors show that deletion of CD28, after clearance of the first infection and prior to re-infection, resulted in fewer Th2 cells and Tfh cells forming in response to secondary infection. This demonstrates that CD28 signaling is required for the initiation of the CD4^+^ memory T cell response, in addition to being required throughout the primary immune response to infection.

CD28 signaling is essential for the formation of regulatory T cells and for their suppressive function in the periphery ([@bib59]). We have shown here that CD28 is also required for the presence of the Tfr and Tbet^+^ Treg subsets. The lack of Tbet^+^ Treg and Tfr cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice suggests that the germinal center and the Th1 response are not under the normal Treg-mediated control ([@bib30]; [@bib13]; [@bib34]), and this would likely result in a relative expansion of these cells. Mixed bone marrow chimera experiments, in which wild-type Tregs are present from control bone marrow show Tfh and Th1 from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ are almost absent. This may suggest that, in the presence of an intact Treg compartment, effector *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ T cells are less likely to expand. However, in this mixed chimera system, we cannot exclude the equally likely possibility that CD28^−^ T cells are simply less fit than CD28^+^ T cells and are outcompeted.

CD28 signaling initiates a specific transcriptional program within T cells, modulating the expression of hundreds of genes ([@bib37]). It is likely that during cognate interactions of Tfh with B cells---both prior to and during the germinal center response---CD28 ligation triggers a number of changes that support Tfh differentiation and maintenance. We identified reduced expression of ICOS and Bcl-~XL~ in CD28^−^ Tfh cells, and reduced PD-1 and CTLA-4 in Foxp3^+^ Tregs as examples of these changes. However, we show that reducing expression of either ICOS or Bcl-~XL~ alone was not sufficient to recapitulate the reduction in Tfh cell number seen in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. This suggests that, like its role during T cell priming, CD28 signaling in activated T cells changes the expression of a large number of molecules, which together contribute to a reduced fitness of activated CD4^+^ T cells that have lost CD28.

Our data demonstrate that the loss of CD28 on activated T cells can impair the immune response to foreign antigen; this has implications for the accumulation of CD28-negative CD4^+^ T cells with age, during HIV infection, and in multiple immune disorders ([@bib56]; [@bib1]; [@bib9]). Both ageing and HIV infection are associated with impaired immune responses to foreign antigens ([@bib15]; [@bib32]), and part of this might be due to an increasing proportion of CD28-negative CD4^+^ T cells that are not able to respond appropriately to foreign antigen. Furthermore, blocking the CD28 pathway is used to treat a number of autoimmune diseases and to prevent allograft rejection, conversely this pathway can be stimulated to increase T cell immunity ([@bib45]; [@bib47]). Our data reveal that CD28 is not only important for T cell activation, but that it also plays important roles in the ongoing immune response. Therapeutic targeting of CD28 would therefore be expected to effectively dampen established T cell responses as well as interfering with priming. This is especially important for the treatment of autoimmunity, where the initial priming event would have already occurred, and explains how CD28 intervention is effective at controlling ongoing autoimmune disease. Furthermore, our results suggest that the loss of CD28 on activated T cells with age, or during chronic immune stimulation, may reduce the number of T cells that are able to respond to an infection, thereby functionally restricting the immune response and resulting in relative immunodeficiency, as are well described in ageing and in HIV infection. Taken together, this illustrates that CD28 is a critical co-stimulatory molecule throughout the effector phase of the response to infection, which has significant implications for applied immunology.

Materials and methods {#s4}
=====================

Mice {#s4-1}
----

*Cd28*^*flox/flox*^ embryonic stem cells were obtained from the EUCOMM Consortium and used to generate chimeric animals from which the *Cd28*^*flox/flox*^ strain was derived. C57BL/6, C57BL/6 *Rag2*^*−/−*^, *Cd28*^*flox/flox*^*Ox40*^*cre/+*^, *Cd28*^*flox/+*^*Ox40*^*cre/+*^, CD45.1 *Cd28*^*flox/+*^*Ox40*^*cre/+*^, *Cd28*^*+/flox*^*Ox40*^*cre/+*^ROSA^stop-flox-RFP^, *Cd28*^*flox/flox*^*Ox40*^*cre/+*^ROSA^stop-flox-RFP^, OT-II *Cd28*^*flox/flox*^*Ox40*^*cre/+*^, OT-II *Cd28*^*+/flox*^*Ox40*^*cre/+*^ and *Icos*^*+/−*^ mice were housed under specific-pathogen free conditions (Central Biomedical Services, University of Cambridge, UK).

Infections and immunizations {#s4-2}
----------------------------

To generate thymus-dependent germinal center responses, 10-week-old mice were immunized intraperitoneally with 2 × 10^9^ sheep red blood cells (TCS bioscience, UK) or 10 μg of OVA (Sigma, UK) emulsified in Imject Alum (Thermo Scientific, UK). In adoptive transfer experiments, total splenocytes containing 1 × 10^5^ Vα2^+^CD4^+^ OT-II cells were labeled with 5 μM Cell Trace Violet (Invitrogen, UK) and transferred by I.V. tail vein injection into recipient mice. For Influenza A infection, mice were infected with 10^4^ plaque-forming units of influenza A/HK/x31 virus (H3N2) I.N. under inhalation anesthesia with isoflurane. *C. rodentium* ICC180 inocula were prepared by culturing bacteria overnight at 37°C in 100 ml of Luria Bertani (LB) broth supplemented with nalidixic acid (100 μg/ml). Cultures were harvested by centrifugation and resuspended in a 1:10 volume of Dulbecco\'s phosphate-buffered saline (Sigma, UK). Mice were orally inoculated with 200 μl of the bacterial suspension by gavage needle.

Measurement of *C. rodentium* burden {#s4-3}
------------------------------------

The number of viable bacteria in the feces and organs was determined by viable count on LB agar containing nalidixic acid (100 μg/ml).

Cell isolation {#s4-4}
--------------

Single cell suspensions were prepared from mouse lymphoid tissues by sieving and gentle pipetting through Falcon 70-μm nylon mesh filters (Becton Dickson, UK). Lung lymphocytes were isolated by finely mincing the lung tissues and digesting with 2 mg/ml Collagenase (Sigma, UK) and 0.2 mg/ml DNase I (Roche, UK) at 37°C for 30 min, followed by sieving and gentle pipetting through Falcon 70-μm nylon mesh filters (Becton Dickson, UK). Colon ILCs were isolated by longitudinal opening of the colon, then 0.5-cm fragments were shaken for 30 min at 37°C in PBS supplemented with 10% FCS, 10 mM EDTA, 20 mM HEPES, 1 mM sodium pyruvate, and 10 μg/ml Polymyxin B. The IEL fraction is then discarded and the colonic lamina propria lymphoid cells isolated via a further digest of the fragments with 1 mg/ml Collagenase D and 0.1 mg/ml DNAase I for an additional 45 min at 37°C.

Antibodies for flow cytometry {#s4-5}
-----------------------------

Antibodies for flow cytometry were from eBioscience (UK) except where otherwise indicated: anti-Vα2 (B20.1), anti-DO11.10 TCR (KJ1-26), anti-CD28 (37.51), anti-IL-2 (JES6-5h4), anti-CD4 (GK1.5), anti-B220 (RA3-6B2), anti-ICOS (C378.4A; BioLegend, UK), anti-CD44 (IM7; BioLegend), anti-Ki67 (SolA15), anti-Bcl-6 (K112-91; Becton Dickinson, UK), anti-CXCR5 (2G8; Becton Dickinson), anti-IFNγ (XMG1.2), anti-CD45.1 (A20; BioLegend), anti-CD45.1 (104), anti-CXCR3 (CXCR3-173; BioLegend), anti-CD62L (MEL-14), anti-Bcl-~XL~ (7B2.5; AbCam), anti-PD-1 (29F.1A12; BioLegend), anti-CD8 (53-6.7), anti-IL-17A (eBio17B7), anti-Rorγt (B2D), anti-Tbet (eBio4B10), and anti-CD45 (30-F11). Active Caspases were detected by binding of the inhibitor VAD-FMK conjugated to sulfo-rhodamine (AbCam).

Determination of influenza virus viral loads {#s4-6}
--------------------------------------------

Lung RNA was extracted using an RNeasy Micro Kit (QIAGEN, UK) as per the manufacturer\'s instructions. cDNA synthesis and real-time PCR were performed as described previously ([@bib8]). Briefly, cDNA was synthesized using both a specific primer (5′-TCTAACCGAGGTCGAAACGTA-3′) and random hexamers. Real-time assays were performed in triplicate with 5 μl of cDNA, 12.5 μl of 2 × TaqMan Universal PCR Master Mix (Applied Biosystems, UK), 900 nM influenza A virus sense primer (5′-AAGACCAATCCTGTCACCTCTGA-3′), 900 nM influenza A virus antisense primer (5′-CAAAGCGTCTACGCTGCAGTCC-3′), and 200 nM influenza A virus probe (FAM-5′-TTTGTGTTCACGCTCACCGT-3′-TAMRA). All primers were specific for the influenza A virus matrix protein.

Detection of influenza-specific CD8^+^ T cells {#s4-7}
----------------------------------------------

Single cell suspensions were stained with 2 µl D^b^PA-APC dextramer (Immudex, Denmark) specific for PA224--233 (sequence SSLENFRAYV) for 30 min at room temperature prior to staining for other cell surface markers at 4°C.

Bone marrow chimeras {#s4-8}
--------------------

Recipient mice were sub-lethally irradiated with 1000 Rad and reconstituted via intravenous injection with 2 × 10^6^ donor bone marrow cells. Chimeric mice were infected with influenza A virus 8 weeks after reconstitution.

Immunohistochemistry {#s4-9}
--------------------

To visualize the germinal center response to SRBC immunization, spleen samples were fixed for 2 hr in 4% paraformaldehyde (PFA) on ice, incubated in six changes of sucrose buffer overnight, and embedded in Tissue-Tek OCT compound (Sakura Finetek, The Netherlands). Follicular B cells were stained with anti-mouse IgD Alexa Fluor 647 (11-26c.2a; BioLegend) and germinal center cells were detected with anti-mouse Bcl-6 FITC (N-3, Santa Cruz) followed by donkey anti-rabbit FITC (Jackson, UK) and then Alexa 488-conjugated goat anti-FITC (Invitrogen, UK). Stained sections were mounted in Fluoromount-g (Southern Biotech, Alabama 35260, USA) and analyzed with a confocal laser-scanning microscope (Zeiss LSM 710) using a 40x objective.

Statistical analysis {#s4-10}
--------------------

Single comparisons were analyzed using the non-parametric Mann--Whitney U-test. Paired comparisons were analyzed using a Wilcoxon matched-pairs signed rank test. All statistical analyses were carried out with GraphPad Prism v6.
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Reviewing editor
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eLife posts the editorial decision letter and author response on a selection of the published articles (subject to the approval of the authors). An edited version of the letter sent to the authors after peer review is shown, indicating the substantive concerns or comments; minor concerns are not usually shown. Reviewers have the opportunity to discuss the decision before the letter is sent (see [review process](http://elifesciences.org/review-process)). Similarly, the author response typically shows only responses to the major concerns raised by the reviewers.

Thank you for sending your work entitled "CD28 expression is required after T cell priming for helper T cell responses and protective immunity to infection" for consideration at *eLife*. Your article has been evaluated by Tadatsugu Taniguchi (Senior editor), a Reviewing editor, and 3 reviewers, all of whom are members of our Board of Reviewing Editors.

The Reviewing editor and the other two reviewers discussed their comments before we reached this decision, and the Reviewing editor has assembled the following comments to help you prepare a revised submission.

In this manuscript Linterman et al. investigate the consequences of post priming loss of CD28 expression using a CD28 flox OX40cre system. Using this system they demonstrate that loss of CD28 has clear consequences for Tfh and Th1 function. Tfh displayed a need for CD28 signalling to progress from pre-Tfh to full Tfh, probably due to a loss of CD28 signalling via CD86 expressed by cognate B-cells, and a further requirement for CD28 to maintain the cells. Th1 cells on the other hand appear to require CD28 for their post-priming expansion but not their maintenance.

The paper is technically sound, well written and addresses an important question. This is an important area since CD28 signalling is a critical mechanism of T-cell activation and treatments targeting this pathway are already in clinical usage. It might be argued, however, that given the current understanding of CD28 signalling and the functional effects of blocking its ligands, the results are novel but not necessarily surprising. The authors should also reference and discuss recent studies using a CD28-inducible deletion during helminth infection that showed a requirement for CD28 for efficient Th2 immunity following re-infection ([@bib40]).

Specific comments:

1\) To provide further mechanistic insight the authors should perform bone marrow chimera experiments to shed light on which functions are cell intrinsic. This would be particularly interesting in the flu system. This will address possible effects of deletion of CD28 on regulatory T cells some of which express high levels of OX-40 under homeostatic conditions.

2\) The point is made that manipulating CD80/86 cannot be used to directly infer information about CD28 signalling since they also bind to CTLA-4. While this is formally true given the high levels of IFNg and antibody production seen in CTLA-4 deficient mice, it does not seem likely that CTLA-4 enhances Tfh, Th1 or Germinal center formation.

3\) There is some redundancy between Figures, especially with data from different time points of the same/repeated experiments. For example [Figure 2](#fig2){ref-type="fig"} contains data concerning TH1 formation at days 5 and 12 while [Figure 7](#fig7){ref-type="fig"} shows very similar data from day 7. Equally, [Figure 7](#fig7){ref-type="fig"} shows caspase and Ki-67 data from day 7 while [Figure 8](#fig8){ref-type="fig"} shows the same data at day 14. As far as I can tell, the methodology from these experiments is the same so, for clarity, it may be better to break up [Figure 7](#fig7){ref-type="fig"} and combine it with the corresponding elements of [Figure 2 and 8](#fig2 fig8){ref-type="fig"} to prevent the same data from different time points of the same experiments being presented in different figures.

4\) Data showing the effects on bacterial clearance is shown in Figure 10. Many of the earlier figures demonstrate that Th1 and Tfh are impaired in influenza infection but the effects of this on the resolution of infection are not shown. Does the CD28flox/flox OX40cre phenotype affect the natural history of influenza infection in these mice?

5\) Studies in the Citrobacter model would benefit from a kinetic analysis of bacterial growth allowing assessment of the impact on early innate and later adaptive responses. It will be particularly important to look at ILC3 and Th17 cells responses as these are important components of host protective immunity to this enteric pathogen.
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Author response

*The paper is technically sound, well written and addresses an important question. This is an important area since CD28 signalling is a critical mechanism of T-cell activation and treatments targeting this pathway are already in clinical usage. It might be argued, however, that given the current understanding of CD28 signalling and the functional effects of blocking its ligands, the results are novel but not necessarily surprising. The authors should also reference and discuss recent studies using a CD28 inducible deletion during helminth infection that showed a requirement for CD28 for efficient Th2 immunity following re-infection (*[@bib40]*)*.

This manuscript has now been included in the Discussion section.

Specific comments:

*1) To provide further mechanistic insight the authors should perform bone marrow chimera experiments to shed light on which functions are cell intrinsic. This would be particularly interesting in the flu system. This will address possible effects of deletion of CD28 on regulatory T cells some of which express high levels of OX-40 under homeostatic conditions*.

We agree that mixed chimera experiments can provide additional experimental insight. To this end we generated CD45.1 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ : CD45.2 *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mixed chimeras, and control chimeras with CD45.1 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ : CD45.2 *Cd28*^*+/flox*^ *Ox40*^*cre/+*^ bone marrow and infected them with influenza, adding the data as a figure supplement to [Figure 2](#fig2){ref-type="fig"}. These chimeras show that Tfh and Th1 cells from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ bone marrow represent a very small proportion of total effector cells. This is discussed in the Results section. In addition, we have also added data to [Figure 8](#fig8){ref-type="fig"} (new panel F) showing that Foxp3^+^ Tregs cells from *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ bone marrow are underrepresented in mixed bone marrow chimeras, and the Results section has been amended to include this. These results are consistent with a cell-intrinsic role for CD28 on both CD4^+^ effector and regulatory T cells. This has also been expanded upon in the Discussion section.

*2) The point is made that manipulating CD80/86 cannot be used to directly infer information about CD28 signalling since they also bind to CTLA-4. While this is formally true given the high levels of IFNg and antibody production seen in CTLA-4 deficient mice, it does not seem likely that CTLA-4 enhances Tfh, Th1 or Germinal center formation*.

We agree with the reviewers on this point; it is clear that CD80/86 blocking experiments have yielded seminal insights into CD28 and CTLA-4 biology. We have altered a paragraph in the Introduction to emphasise this. However, we feel that it remains relevant to discuss a potential role for CTLA-4 in the manuscript, particularly as CD28 and CTLA-4 have opposing roles in T cell biology and it is possible that blocking CD80/86 may mask effects of blocking CD28 signalling if CTLA-4 was to play a dominant role. For example, Walker L.S.K. et al (JI 2003) use an elegant CTLA-4 transgenic mouse to block CD80/86 after GC induction, resulting in a larger GC response which is the opposite of what we observe in our *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice in which CD28 alone is targeted. This is likely to be because in the absence of both CD28 and CTLA-4 ligation, the effects of loss of CTLA-4 are more prominent. This has been elaborated on in the Discussion section.

*3) There is some redundancy between Figures, especially with data from different time points of the same/repeated experiments. For example* [*Figure 2*](#fig2){ref-type="fig"} *contains data concerning TH1 formation at days 5 and 12 while* [*Figure 7*](#fig7){ref-type="fig"} *shows very similar data from day 7. Equally,* [*Figure 7*](#fig7){ref-type="fig"} *shows caspase and Ki-67 data from day 7 while* [*Figure 8*](#fig8){ref-type="fig"} *shows the same data at day 14. As far as I can tell, the methodology from these experiments is the same so, for clarity, it may be better to break up* [*Figure 7*](#fig7){ref-type="fig"} *and combine it with the corresponding elements of* [*Figure 2 and 8*](#fig2 fig8){ref-type="fig"} *to prevent the same data from different time points of the same experiments being presented in different figures*.

We have pooled the key data from the original [Figures 7 and 8](#fig7 fig8){ref-type="fig"} into [Figure 6](#fig6){ref-type="fig"} to minimise redundancy, as suggested.

4\) Data showing the effects on bacterial clearance is shown in Figure 10. Many of the earlier figures demonstrate that Th1 and Tfh are impaired in influenza infection but the effects of this on the resolution of infection are not shown. Does the CD28flox/flox OX40cre phenotype affect the natural history of influenza infection in these mice?

We have assessed influenza viral RNA levels in the lung seven days post infection, when the HKx31 is in the process of being cleared. We do not see a difference in viral clearance at this time point (included as a new [Figure 7A](#fig7){ref-type="fig"}). As we did not observe a difference in viral load we assessed whether the flu specific CD8 response was intact in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice. We found equivalent numbers of Dextramer-binding CD8^+^ T cells in *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice and control mice ([Figure 7B-D](#fig7){ref-type="fig"}), suggesting that the CD8^+^ cells may be able to clear the virus even with a reduced population of CD4^+^ effector T cells. This is consistent with previous reports that CD4^+^ deficient animals are able to clear primary influenza infection.

*5) Studies in the Citrobacter model would benefit from a kinetic analysis of bacterial growth allowing assessment of the impact on early innate and later adaptive responses. It will be particularly important to look at ILC3 and Th17 cells responses as these are important components of host protective immunity to this enteric pathogen*.

In addition to the time course of *C. rodentium* shedding in the faeces presented in the original Figure 10A (now [Figure 9A](#fig9){ref-type="fig"}) we have provided additional data showing the bacterial load in the colon, caecum and liver 7, 12 and 24 days following *C. rodentium* infection ([Figure 9B-D](#fig9){ref-type="fig"}). These data show that *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice have comparable bacterial burdens to control mice in the early phase of infection but that subsequent clearance of *C. rodentium* is impaired.

The number of ILC3 and Th17 cells were determined seven days following infection. *Cd28*^*flox/flox*^ *Ox40*^*cre/+*^ mice had a comparable number of ILC3 cells to control mice, by contrast Th17 cells were reduced. These data have been included in [Figure 9H and I](#fig9){ref-type="fig"}, and discussed in the text within the Discussion section.
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